Regulator of calcineurin 1 (RCAN1) controls the activity of calcium/calmodulin-dependent phosphatase calcineurin (CaN), which has been implicated in human anxiety disorders. Previously, we reported that RCAN1 functioned as an inhibitor of CaN activity in the brain. However, we now find enhanced phosphorylation of a CaN substrate, cAMP response element-binding protein (CREB), in the brains of Rcan1 knock-out (KO) mice. Consistent with enhanced CREB activation, we also observe enhanced expression of a CREB transcriptional target, brain-derived neurotrophic factor (BDNF) in Rcan1 KO mice. We also discovered that RCAN1 deletion or blockade of RCAN1-CaN interaction reduced CaN and protein phosphatase-1 localization to nuclear-enriched protein fractions and promoted CREB activation. Because of the potential links between CREB, BDNF, and anxiety, we examined the role of RCAN1 in the expression of innate anxiety. Rcan1 KO mice displayed reduced anxiety in several tests of unconditioned anxiety. Acute pharmacological inhibition of CaN rescued these deficits while transgenic overexpression of human RCAN1 increased anxiety. Finally, we found that Rcan1 KO mice lacked the early anxiogenic response to the selective serotonin reuptake inhibitor (SSRI) fluoxetine and had improved latency for its therapeutic anxiolytic effects. Together, our study suggests that RCAN1 plays an important role in the expression of anxiety-related and SSRI-related behaviors through CaN-dependent signaling pathways. These results identify RCAN1 as a mediator of innate emotional states and possible therapeutic target for anxiety.
Introduction
Anxiety, an adaptive response to stress, can at low levels enhance performance and enable escape from danger. Excessive or inappropriate anxiety, however, results in pathological impairment of normal everyday tasks. Pathological anxiety is among the most prevalent comorbid conditions in psychiatric disorders. Anxiety is frequently distinguished from fear by its lack of specificity and its spontaneity in the absence of an imminent threat (Duman and Duman, 2005) . To identify the neurobiological correlates of anxiety, genetic and pharmacological manipulations have been used to study anxiety-related behaviors in rodents (Gould, 2009) . Normal mice display a marked preference for "unexposed" areas. The frequency and duration that mice explore exposed areas are used as measures of anxiety (File et al., 1990) .
Little is known about the molecular substrates for anxietyrelated behavior, but studies have implicated neuronal signaling pathways that use calcium. Calcineurin (CaN) is a calcium/ calmodulin-dependent serine/threonine phosphatase with numerous neuronal functions, including the expression of anxiety (Manji et al., 2003; Bahi et al., 2009; Baumgärtel and Mansuy, 2012) . In addition to calcium/calmodulin, several regulatory proteins controlling CaN activity have been identified. One such protein is regulator of calcineurin 1 (RCAN1), which can function as both an inhibitor and facilitator of CaN activity, depending on cellular context (Kingsbury and Cunningham, 2000; Hilioti et al., 2004; Sanna et al., 2006) . RCAN1 binds CaN and inhibits its catalytic activity Chan et al., 2005) . In addition, RCAN1 can inhibit CaN by competing with substrates for the active site (Martínez-Martínez et al., 2009). Conversely, RCAN1 can also mediate CaN interaction with other proteins that facilitate CaN activity (Sanna et al., 2006; Liu et al., 2009) .
cAMP response element-binding protein (CREB) is another calcium-regulated protein linked to anxiety (Pandey et al., 1999; Barrot et al., 2002; Carlezon et al., 2005; Wallace et al., 2009) . CREB is a transcription factor that is regulated by reversible phosphorylation at serine-133 (S133) through several kinases and phosphatases, including CaN (Bito et al., 1996) . A major target of CREB activity is brain-derived neurotrophic factor (BDNF; Tao et al., 1998) . BDNF plays a prominent role in anxiety-related behaviors in rodents (Pandey et al., 1999; Rios et al., 2001; Chen et al., 2006) and psychiatric patients (Jiang et al., 2005; Molendijk et al., 2012) . CaN regulation of these two proteins may control the manifestation of anxiety.
CaN has been associated with psychiatric disorders and is influenced by such medications as selective serotonin reuptake inhibitors (SSRIs) used to treat anxiety disorders (Crozatier et al., 2007; Rushlow et al., 2009) . The connection between CaN and anxiety led us to investigate CREB activity and anxiety-related behaviors in Rcan1 knock-out (KO) mice. We found that (1) phosphorylation of CREB and protein levels of the CREB-dependent gene Bdnf were enhanced in the brains of Rcan1 KO mice; (2) RCAN1 interaction with CaN regulated nuclear phosphatase localization; (3) Rcan1 KO mice displayed lower unconditioned anxiety, which was reversed by pharmacological inhibition of CaN; and (4) consistent with an inhibitory role of RCAN1 on CaN in the manifestation of anxiety, Rcan1 KO mice were resistant to the acute anxiogenic phase of SSRI treatment using fluoxetine (Belzung et al., 2001) . Together these data provide evidence for RCAN1 function in the molecular signaling pathways that regulate innate anxiety.
Materials and Methods
Animals. Age-matched male littermates from the same genetic background (depending on strain) were used for all studies. Rcan1 Ϫ/Ϫ (KO) mice or Cre-driven RCAN1-overexpressing transgenic mice carrying human RCAN1 protein at high (Tg1) or low (Tg1a) levels (Oh et al., 2005) were used to manipulate RCAN1 expression. Rcan1 KO mice have an exon deletion that eliminates RCAN1 protein expression (Hoeffer et al., 2007) . The Rcan1 KO mice used in this study were backcrossed from a mixed C57BL/6x129 background to C57BL/6 for seven generations before testing. Rcan1 ϩ/ϩ littermates were used as wild-type (WT) controls for these mice. Nse-Cre ϩ/Ϫ Tg-CAT::RCAN1 (Nse-RCAN1 Tg1 or Nse-RCAN1
Tg1a
) mice overexpress RCAN1 (Oh et al., 2005) following activation with Cre under a neuron-specific enolase (Nse) driver (Forss-Petter et al., 1990) . CamkII␣-Cre ϩ/Ϫ Tg-CAT::RCAN1 (CamkII␣-RCAN1 Tg1 or CamkII␣-RCAN1
) overexpress RCAN1 following activation with Cre under a calcium/calmodulin-dependent kinase II␣ (CamkII␣) driver (Tsien et al., 1996) . The transgene has been crossed into the same genetic background as the driver lines for 5-7 generations before testing. Littermates carrying the RCAN1 transgene but lacking Cre constructs were used as controls for Nse-RCAN1 Tg or CamkII␣-RCAN1 Tg mice and referred to as "WT." RCAN1 expression was confirmed using immunoblotting. Mice were maintained on a 12 h light/dark schedule with food and water available ad libitum and tested at 8 -20 weeks of age. EPM. A white 39-cm-arm-length EPM arena was used for testing (Columbus Instruments). Mice were placed in the center zone of the maze and activity was recorded for 5 min by video camera (LTC 0335, Bosch). Subject movements were analyzed with Ethovision-XT (Noldus). Illumination levels during testing were maintained at 195 lux with 55 dB white noise in the background.
PPI. PPI was determined using SR-LAB startle response chambers (San Diego Instruments). The startle response to an acoustic stimulus was measured in the presence of a 65 dB white noise background following a 5 min acclimation period. Each session consisted of a randomized block design of 42 trials that presented a 20 ms prepulse of 74, 78, 82, 86, or 90 dB followed 100 ms later by either a 40 ms 120 dB startle pulse or no pulse (null). The intertrial interval for prepulse presentations averaged 15 s and was pseudorandomized.
Cannula implantation. Animals were anesthetized with 5% isoflurane (Aerrane, Baxter Healthcare) in O 2 (Matrx VIP 3000, Midmark) and maintained with a 1% isoflurane/O 2 mixture on a stereotaxic apparatus (Kopf Instruments) for the duration of surgery. Twenty-two gauge cannulae (Plastics One) were inserted bilaterally in the ventricles at the following bregma coordinates: anteroposterior, Ϫ0.22 mm; mediolateral, Ϯ1.0 mm; dorsoventral, Ϫ2.25 mm. The cannulae were secured to the skull with acrylic dental cement. Mice were allowed to recover 5-7 d postsurgery before behavior experiments.
Drug administration. For FK506 experiments, mice were injected as previously described (Hoeffer et al., 2007) . For dipyridamole experiments, hippocampal slices were prepared as described previously (Hoeffer et al., 2007) . Following a 60 min recovery at 32°C, slices were treated either with dipyridamole diluted from a DMSO stock solution in artificial CSF (ACSF) or with vehicle at a final DMSO concentration of 0.1%. For CsA experiments, 3 l of vehicle only (ASCF) or vehicle containing CsA (0.625 nmol/g) were infused into each ventricle simultaneously (6 l total) via cannula at a rate of 0.3 l/min (PHD 2000, Harvard Apparatus). Drug was allowed to dissipate for 5 min before injectors were removed. Animals were returned to holding cages for 60 min postinfusion in the testing room before behavior experiments. For fluoxetine experiments, mice were injected intraperitoneally with vehicle only (0.9% saline) or vehicle containing fluoxetine (10 mg/kg; Sigma-Aldrich). For chronic fluoxetine drug administration, mice were injected at the same time everyday using alternating injection sides. On EPM testing days (1, 3, 15) , testing was performed before drug injection.
CaN activity assay. Total protein lysate was prepared from coronal slices containing prefrontal cortex (PFC) for performing CaN phosphatase activity measurements as previously described (Hoeffer et al., 2007) . PFC slices or lysates were incubated with pharmacological phosphatase inhibitors and soluble peptide inhibitors specific for CaN (autoinhibitory peptide 20 mM, Tocris Bioscience). Phosphatase activity was then determined using a commercially available kit according to manufacturer's instructions (EnzChek, Life Technologies) and measured on a microplate reader (Synergy, BioTek Instruments).
Immunohistochemistry. Tissues from brain regions were isolated and soluble protein extracts prepared as previously described (Hoeffer et al., 2007) . For cellular fractionation, PFC tissue from three mice were pooled, weighed, and homogenized on ice in 5-10 volumes of extraction buffer using a Kontes Dounce tissue grinder as described by Hoeffer et al., (2007) . The homogenate was centrifuged for 3 min at 800 ϫ g, 4°C. The nuclear-enriched pellet (P1) was washed three times with extraction buffer. Proteins were resolved on SDS-polyacrylamide gels and blotted on PVDF membranes using standard techniques. Membranes were incubated for 24 -48 h at 4°C with primary antibodies against phospho-CREB S133 (1:1000; Millipore), total CREB (1:1000; Bethyl Laboratories), Lamin A/C (1:1000; Cell Signaling Technology), CaN A (1:10,000; Abcam), BDNF (1:500; Abcam), protein phosphatase-1 (PP1, 1:200; Abbiotec), RCAN1 (1:500; B. Rothermel), GAPDH (1:5000; Cell Signaling Technology), or histone H3 (1:10,000; Cell Signaling Technology). Primaries were detected with HRP-conjugated goat anti-rabbit or anti-mouse secondary antibodies (1:5000; Promega) and visualized with ECL (GE Healthcare) on a Kodak 4000MM or GE LAS4000 imaging system. mRNA extraction, cDNA preparation, semiquantitative PCR. Tissue from freshly dissected mouse brains was flash frozen and pulverized for mRNA extraction using Trizol (Invitrogen). cDNA was prepared using oligo-DT primers and Omniscript (Qiagen). Equal amounts of cDNA were used as template for target (Bdnf ) and control (␤-actin) semiquantitative PCR. Primer sequences used for BDNF were obtained from Martinowich et al. (2003) . PCR products were visualized using agarose gel electrophoresis and standard nucleotide staining.
Statistics. Student's t test, ANOVA, or nonparametric tests (i.e., Kruskal-Wallace or Mann-Whitney) were applied to behavior and biochemistry experiments as appropriate. The use of parametric or nonparametric tests was determined with the Shapiro-Wilk test for normality. Significant main effects or interactions were followed by post hoc testing as appropriate. Outliers were excluded using Grubb's method. All statistical tests are two-tailed with significance level set at 0.05. Data on graphs represent mean Ϯ SEM. Statistical analysis was performed using SPSS software.
Results

Loss of Rcan1 enhances CREB activation and BDNF expression in the brain
Because RCAN1 is a modulator of CaN activity Hoeffer et al., 2007) and CaN is known to regulate CREB (Bito et al., 1996; Kingsbury et al., 2007) , we examined CaN and CREB activity in Rcan1 KO mice. Protein lysates from the PFC, amygdala (AM), and nucleus accumbens (NAc), brain regions involved in human and rodent anxiety (Garcia et al., 1999; Liotti et al., 2000; Wall and Messier, 2000; Deacon et al., 2003; Myers-Schulz and Koenigs, 2012) , were prepared from Rcan1 KO and WT littermates. In PFC lysates, we detected elevated CaN activity from Rcan1 KO mice (t (13) ϭ 2.51, p ϭ 0.0259; Fig. 1A ), which is consistent with our previous findings in the hippocampus (Hoeffer et al., 2007) . This difference was not due to changes in total CaN expression (Fig. 1A) . Interestingly, we observed a significant increase in phospho-CREB at S133 (pCREB S133) in the PFC, AM, and NAc lysates from Rcan1 KO mice compared with WT littermates (PFC percentage pCREB of WT levels, t (12) ϭ 4.714, p Ͻ 0.001; AM percentage pCREB of WT, t (11) ϭ Ϫ2.532, p ϭ 0.028; NAc percentage pCREB of WT, t (11) ϭ 4.258, p Ͻ 0.001; Fig. 1B ). This effect was also observed in other brain regions, including the hippocampus and striatum (data not shown). To confirm the specificity of our pCREB S133 antibody, we verified the pCREB signal in brain tissue isolated from CREB knockdown mice using viral-mediated Cre removal of floxed Creb (Mantamadiotis et al., 2002) and reprobed with total CREB antibody (Fig. 1C) .
We next asked whether CaN activity contributed to the enhanced CREB phosphorylation in Rcan1 KO mice by measuring pCREB levels after acute pharmacological inhibition of CaN with FK506. WT and Rcan1 KO mice were injected with FK506 or vehicle 60 min before isolation of PFC and NAc tissues. We found that FK506 treatment abolished the pCREB difference observed between the two genotypes in the PFC (percentage pCREB of WT-vehicle levels, 2 (3) ϭ 14.747, p ϭ 0.002; Fig. 1D ). Post hoc comparisons indicated a significant difference between WT and KO vehicle conditions ( p Ͻ 0.001), which was eliminated with acute FK506 treatment (WT-FK506 vs KO-FK506, p ϭ 1.000). FK506 increased pCREB levels in WT mice (WT-FK506 vs WTvehicle, p ϭ 0.014), which is consistent with previous reports (Bito et al., 1996; Liu and Graybiel, 1996) , and decreased it in Rcan1 KO mice (KO-FK506 vs WT-vehicle, p ϭ 0.466), effectively eliminating the pCREB difference between the two genotypes. The same effect was observed in the NAc ( Fig. 1D ; percentage pCREB of WT-vehicle levels, 2 (3) ϭ 8.669, p ϭ 0.034; WT-vehicle vs KO-vehicle, p ϭ 0.023; KO-FK506 vs WT-FK506, p ϭ 1.000; KO-FK506 vs WT-vehicle, p ϭ 0.380). We also observed similar results with pCREB following treatment of PFC slices using a different CaN inhibitor, CsA (data not shown).
Together, these data demonstrate that CaN activity regulates CREB phosphorylation in both WT and Rcan1 KO mice and its acute blockade normalizes mutant and WT levels of CREB activation to similar levels.
To test the functional relevance of the higher pCREB levels in Rcan1 KO mice, we assessed mRNA and protein levels of a well characterized CREB-responsive gene, Bdnf, in the PFC (Finkbeiner et al., 1997) . Consistent with enhanced CREB activity in Rcan1 KO mice, we detected increased levels of Bdnf mRNA and pro-BDNF protein (ϳ32 kDa; Fayard et al., 2005; pro-BDNF levels, Mann-Whitney U (12) ϭ 8.308, p ϭ 0.004; Fig. 1E ). Our CREB activation results suggest that, in this context, RCAN1 acts to facilitate CaN activity. However, CaN has been reported to negatively regulate CREB activation (Bito et al., 1996; Chang and Berg, 2001 ) and we have shown that loss of RCAN1 leads to increased CaN activity in the brain (Hoeffer et al., 2007; Fig. 1A) . To attempt to reconcile this apparent discrepancy, we examined whether RCAN1 may act to regulate the subcellular localization of phosphatases involved in CREB activity.
RCAN1-CaN interaction regulates phosphatase localization in the brain
Because we found that Rcan1 deletion unexpectedly led to CREB activation in the brain (Fig. 1) , it may be that, in addition to regulating CaN enzymatic activity, RCAN1 may function in the subcellular localization of CaN. In this scenario, RCAN1 would exert control over CaN substrates via spatial restriction of CaN activity. To test this idea, we first determined whether we could pharmacologically manipulate RCAN1-CaN interaction in the brain. To do this, we treated hippocampal slices with dipyridamole (5 M), a recently identified small molecule inhibitor of RCAN-CaN interaction (Carme Mulero et al., 2010) , or with vehicle for 30 min. Then we extracted proteins from the treated slices, immunoprecipitated CaN, and blotted the immunoprecipitate to probe for RCAN1. We found that dipyridamole reduced the levels of RCAN1 bound to CaN ( Fig. 2A) . Having confirmed our ability to manipulate RCAN1-CaN binding, we next tested the idea that blocking their interaction would alter CaN localization.
We performed subcellular fractionation of hippocampal slices treated with dipyridamole or vehicle and then probed the fractionates for CaN using Western blotting. Consistent with our idea that RCAN1 regulates CaN localization, we found reduced CaN levels in nuclear fractions isolated from dipyridamoletreated tissue (percentage CaN of vehicle levels, t (5) ϭ 3.805, p ϭ 0.013; Fig. 2B ). Because CaN also regulates the activity of PP1, another important phosphatase known to regulate CREB activity (Alberts et al., 1994; Genoux et al., 2002) , we tested the idea that disrupting RCAN1-CaN interaction would also alter PP1 nuclear localization. Indeed, we found that dipyridamole reduced PP1 levels in the nuclear fraction (percentage PP1 of vehicle levels, t (4) ϭ 3.217, p ϭ 0.032; Fig. 2B ). To determine whether a similar mechanism might be at work in the Rcan1 KO brain, we next fractionated proteins from hippocampal slices of Rcan1 KO mice. Similar to dipyridamole treatment, we found that Rcan1 deletion reduces CaN and PP1 levels in the nuclear fraction (percentage CaN of WT levels, t (4) ϭ 3.016, p ϭ 0.039; percentage PP1 of WT levels, t (3) ϭ 4.826, p ϭ 0.017; Fig. 2B ). To determine whether RCAN1 overexpression would exert the opposite effect on CaN and PP1 localization, we fractionated hippocampal tissue isolated from RCAN1-overexpressing mice (CamkII␣-RCAN1 Tg1a ). Consistent with a role for RCAN1 in promoting CaN and PP1 trafficking to the nucleus, we found increased CaN and PP1 levels in nuclear fractions of RCAN1-overexpressing hippocampi (percentage CaN of control WT levels, t (5) ϭ Ϫ4.252, p ϭ 0.008; percentage PP1 of control WT levels, t (4) ϭ Ϫ3.049, p ϭ 0.038; Fig. 2B ) while reducing them in the cytoplasmic fraction (data not shown). These results support the idea that CREB phosphorylation may be enhanced in Rcan1 KO brains because the removal . CREB activation and BDNF expression are increased in Rcan1 KO mice. A, CaN activity is elevated in the PFC of Rcan1 KO mice ( p ϭ 0.0259) and is not due to different protein levels of CaN (60 kDa). ␤-Tubulin (␤-Tub), loading control. N ϭ 9 KO, 6 WT. B, Enhanced pCREB S133 is seen in the PFC, AM, and NAc of Rcan1 KO mice. Total CREB levels are unchanged between genotypes. C, Identity confirmation of the pCREB signal used for quantification in this study. Viral-mediated CREB knockdown (KD) tissue from the cortex (ctx) and hippocampus (hip) were probed for pCREB S133 and reprobed for total (tot) CREB on the same blot. GAPDH, loading control. D, Acute blockade of CaN activity with FK506 eliminates the CREB activation differences between Rcan1 KO and WT mice. Pairwise comparisons of PFC percentage pCREB of WT-vehicle levels revealed a significant difference between WT and KO vehicle groups ( p Ͻ 0.001) and no difference between KO-FK506 and WT-vehicle groups ( p ϭ 0.446) or between WT-FK506 and KO-FK506 groups ( p ϭ 1.000). N ϭ 4 mice/group. The same effect was observed in the NAc. E, Bdnf mRNA (exon IV) and pro-BDNF protein levels (32 kDa) are increased in the PFC of Rcan1 KO mice. Semiquantitative PCR of cDNA synthesized from Bdnf mRNA bearing exon IV (confirmed with intron-spanning primers). N ϭ 4 mice/genotype. Western blot of pro-BDNF levels. N ϭ 4 -6 mice/genotype. ␤-Actin mRNA levels and GAPDH staining confirms equal loading in each lane. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001.
of RCAN1 reduces phosphatase localization in the nuclear compartment. Finally, to test this idea, we examined CREB phosphorylation following acute disruption of RCAN1-CaN interaction in dipyridamole-treated hippocampal slices. Similar to what we observed in Rcan1 KO brains (Fig. 1) , we found that dipyridamole induced CREB activation (Fig. 2C) . These combined data support the idea that RCAN1 functions as an important regulator of CREB activity via the control of subcellular phosphatase trafficking. Interestingly, we did not find reduced pCREB S133 in lysates from CamkII␣-RCAN1 Tg1a slices (data not shown), indicating that in addition to RCAN1/CaN signaling, other cellular signaling pathways likely function to upregulate CREB activity in these mice. Given the important role of CREB, BDNF, and CaN in the manifestation of anxiety and depression (for review, see Carlezon et al., 2005; Wu et al., 2008; Frielingsdorf et al., 2010; Rakofsky et al., 2012) , we next explored the effects of RCAN1 levels on affective behaviors.
RCAN1 levels regulate the expression of innate anxiety
To examine whether RCAN1 is involved in anxiety-related behaviors via CaN, we first tested Rcan1 KO mice in the OFA assay. We observed a significant increase in their time spent in the center of a 27.3 ϫ 27.3 cm 2 arena compared with WT littermates (t (31) ϭ Ϫ2.736, p ϭ 0.010), which suggests reduced anxiety in Rcan1 KO mice (Fig. 3A) . This observation was mirrored by the significantly greater distance that Rcan1 KO mice moved in the center of the arena (t (33) ϭ 3.757, p Ͻ 0.001) but not by differences in total distance traveled (t (33) ϭ 1.511, p ϭ 0.140; Fig. 3B ). Thus, the differences in center time and center distance were not the result of an increased locomotor response in KO mice, but were consistent with reduced anxiety. Similar results were found testing another cohort in a larger arena (40 ϫ 40 cm 2 ; t (15) ϭ Ϫ2.619, p ϭ 0.019; Fig. 3C ), indicating that the size of the testing area did not confound our OFA observations. A more detailed examination of distance traveled over time showed that Rcan1 KO mice exhibited higher levels of exploratory behavior early in the test, which is consistent with an initial reduced anxiogenic response to the novel environment ( Fig. 3D; 1-3 (veh) . Signal specificity was confirmed using Rcan1 KO tissue. B, Dipyridamole treatment results in lower nuclear levels of CaN and its substrate, PP1. Genetic removal of RCAN1 (KO) also lowers nuclear levels of CaN and PP1. Conversely, overexpression of RCAN1 (Tg) increases nuclear CaN and PP1 levels. Equal loading and compartment fidelity confirmed with lamin A/C (Lam). Efficacy of subcellular localization protocol confirmed with histone H3 staining in total protein, nuclear, and cytoplasmic (cyto) fractions. Blots are representative of 2-3 replicates from three independent samples per treatment or genotype. C, Disruption of RCAN1-CaN with acute dipyridamole treatment activates CREB in the hippocampus, as measured by pCREB S133. Rcan1 KO tissue included for comparison. N ϭ 5 vehicle, 5 WTϩdipyr (5 M), 4 WTϩdipyr (10 M). *p Ͻ 0.05, **p Ͻ 0.01. 0.7). We observed no differences between genotypes in the total time spent moving, at rest, standing up vertically, or in stereotypical movements (data not shown).
We 4B ). WT mice displayed low open-arm times in the first minute, which increased significantly by the third minute of testing (first vs third minute, t (10) ϭ Ϫ3.620, p ϭ 0.007; Fig. 4B) . Consistent with the OFA data, these results suggest reduced anxiety in Rcan1 KO mice. These effects were not due to alterations in spontaneous arm entries because there was no difference between genotypes in their frequency of arm entries (t (22) ϭ Ϫ0.267, p Ͼ 0.7). The effects also were not due to locomotor differences because the genotypes were indistinguishable in total distance traveled or velocity of ambulation (total distance, t (20) ϭ Ϫ0.035, p Ͼ 0.9; velocity, t (20) ϭ Ϫ0.034, p Ͼ 0.9; Fig. 4C ). Therefore, combined with the OFA results, the EPM behavior of Rcan1 KO mice support a role for RCAN1 in the display of innate anxiety.
Patients suffering from panic disorders and obsessive-compulsive disorder manifest impaired PPI, a measure of sensorimotor gating (Ludewig et al., 2002) . Given the reduced anxiety in Rcan1 KO mice, we tested these mice for abnormal PPI. We found no difference in PPI between Rcan1 KO mice and WT littermates across a range of acoustic prepulse intensities ( Fig. 4D Since RCAN1 removal reduced the display of anxiety in Rcan1 KO mice, we next tested whether RCAN1 overexpression could increase anxiety behaviors. We took advantage of two conditional flox-ON RCAN1 transgenic mouse lines (Tg1 and Tg1a) that overexpress human RCAN1 protein at high or low levels, respectively, in the presence of Cre recombinase (Oh et al., 2005) . We used two Cre-driver lines to activate RCAN1 overexpression at different developmental time points, Nse-Cre during development (onset at about embryonic day 16.5; Forss-Petter et al., 1990 ) and T29-CamkII␣-Cre postdevelopmentally (onset at about postnatal day 14; Hoeffer et al., 2008) . Overexpression of RCAN1 was confirmed by Western blots using antibodies against RCAN1 Hoeffer et al., 2007) and the FLAG epitope tagged to the RCAN1 transgenic construct (Oh et al., 2005 ; Fig. 4E ). RCAN1 overexpression using either Cre driver had no detectable effect in the OFA assay (Table 1 ). In the EPM assay, however, RCAN1 overexpression early in development under Nse-Cre in RCAN1 Tg1a mice was shown to decrease open-arm time compared with control WT (no Cre) littermates (MannWhitney U (83) ϭ 2.010, p ϭ 0.044; Fig. 4F ). This effect was not due to group differences in locomotor activity (distance moved t (18) ϭ 1.683, p ϭ 0.110) or sensorimotor gating (Table 2) E, Western blot analysis of RCAN1 expression in the PFC of RCAN1 transgenic (Tg) mice used for this study. Upper blot is stained with an RCAN1 antibody that recognizes endogenously expressed RCAN1.1L (ϳ38 kDa) and RCAN1.4 (ϳ28 kDa) protein isoforms and transgenically expressed FLAG-tagged human RCAN1.1S protein (ϳ30 kDa; for more details, see Oh et al., 2005; Hoeffer et al., 2007) . Lower blot is stained with a FLAG antibody, confirming expression of transgene. Nse-Cre driver line, CamkII␣-Cre (T-29) driver line. GAPDH, loading control. Image is representative of three independent blots. WT represents the WT control for each breeding cross. F, Mice overexpressing human RCAN1 early in development (Nse-RCAN1 Rcan1 KO mice, these EPM results suggest that removal of RCAN1 reduces the expression of spontaneously evoked anxiety and that RCAN1 overexpression, when the onset is during early development, may increase it. These data are consistent with the idea that RCAN1 affects the manifestation of innate anxiety.
Pharmacological inhibition of CaN rescues the reduced anxiety exhibited by Rcan1 KO mice
Because RCAN1 is a potent regulator of CaN activity and Rcan1 KO mice display increased CaN activity in the hippocampus (Hoeffer et al., 2007) and PFC (Fig. 1A) , we tested whether acute pharmacological inhibition of CaN could restore anxiety to normal levels in Rcan1 KO mice. WT and Rcan1 KO mice were injected intraperitoneally with either vehicle or the CaN inhibitor FK506 before testing in the OFA assay. Consistent with our data in RCAN1-overexpressing transgenic mice (Fig.  4F ) , we found that FK506 treatment decreased the time that both genotypes spent in the center zone ( Fig. 5A ; main effect of genotype, F (1,46) ϭ 8.095, p ϭ 0.007; main effect of FK506, F (1,46) ϭ 15.273, p Ͻ 0.001; FK506 ϫ genotype, F (1,46) ϭ 0.360, p Ͼ 0.5). This suggests that inhibiting CaN activity increases the display of anxiety. Importantly, post hoc comparisons revealed that FK506 treatment decreased the time spent in the center zone by Rcan1 KO mice to the same amount as vehicle-treated WT mice ( p ϭ 0.851). Analyzing distance traveled in the OFA, we found that FK506 treatment significantly reduced total locomotor activity in both genotypes, thus preventing direct comparisons using absolute measurements of distance ( Fig. 5B ; main effect of FK506, F (1,46) ϭ 120.248, p Ͻ 0.001; main effect of genotype, F (1,46) ϭ 0.001, p Ͼ 0.9; genotype ϫ FK506, F (1,46) ϭ 0.367, p Ͼ 0.5). To control for the FK506-induced reduction in movement, we compared the ratios of distance traveled in each OFA zone to total distance traveled during the test period for each group (Fig. 5C) . Using this measure, we found that FK506 treatment decreased the relative distance that both genotypes traveled in the center zone (main effect of FK506, F (1,46) ϭ 32.463, p Ͻ 0.001; main effect of genotype, F (1,46) ϭ 12.873, p Ͻ 0.001; FK506 ϫ genotype, F (1,46) ϭ 0.317, p Ͼ 0.5). Consistent with the decrease in center time (Fig. 5A) , this result provides another indicator that inhibiting CaN activity increases anxiety. More specifically, a post hoc comparison showed that the center ratio for FK506-treated Rcan1 KO mice was indistinguishable from that for vehicletreated WT mice ( p ϭ 0.692; Fig. 5C ), indicating that FK506 blockade of CaN was able to rescue the reduced anxiety in KO mice. These data suggest an inhibitory role of RCAN1 on CaN in the expression of anxiety-related behaviors.
To support the OFA results, we also tested the effects of acute CaN blockade on anxiety measured with the EPM assay. To confirm that the pharmacological rescue we observed in the OFA was specific to CaN blockade, we selected another CaN inhibitor, CsA, for these experiments. Because of the locomotor effects we observed with intraperitoneal administration of FK506 (Fig. 5B) , we decided to directly apply CsA to the mouse brain. CsA does not readily cross the blood-brain barrier (Serkova et al., 2000 (Serkova et al., , 2001 , which reduces potential confounds arising from systemic CaN blockade. To enable direct application of CsA to the brain, we surgically implanted cannulae in the lateral ventricles (intracerebroventricularly) of Rcan1 KO and WT littermate control mice. Following recovery from surgery, mice were infused with CsA via the cannulae and then tested in the EPM after a 60 min incubation period. In agreement with our earlier results, we found that vehicle-treated Rcan1 KO mice showed increased open-arm time compared with vehicle-treated WT mice, indicat- Unlike FK506 treatment used for OFA assays, intracerebroventricular application of CsA did not induce hypoactivity in either WT or KO mice as measured by total distance traveled (Fig. 5E) . Therefore, these findings combined with our OFA rescue data are consistent with the idea that enhanced CaN activity contributes to the reduced anxiety observed in Rcan1 KO mice.
Rcan1 KO mice are resistant to the acute anxiogenic effects of fluoxetine treatment In patients with anxiety disorders, chronic treatment with SSRIs is frequently prescribed. There is evidence that CaN activity is involved in the activities of SSRIs and other psychotropic drugs (Crozatier et al., 2007; Bahi et al., 2009; Rushlow et al., 2009 ). Therefore, we asked whether RCAN1 plays a role in modulating SSRI-mediated effects on anxiety. EPM analysis of behavior was performed on WT and Rcan1 KO mice after either acute or chronic fluoxetine therapy. Consistent with previous reports ( Fig. 6A ). In contrast, post hoc analyses revealed that the response of fluoxetine-treated Rcan1 KO mice was indistinguishable from that of vehicle-treated Rcan1 KO mice ( p ϭ 0.446). However, both groups of KO mice spent significantly more time in the open arms than WT mice (KO-vehicle vs WT-vehicle, p Ͻ 0.001; KO-fluoxetine vs WT-vehicle, p ϭ 0.03). These effects could not be explained by locomotor differences between either genotypes or drug treatments (distance traveled: main effect of genotype, F (1,43) ϭ 0.005, p Ͼ 0.9; main effect of fluoxetine, F (1,43) ϭ 0.234, p Ͼ 0.6; genotype ϫ fluoxetine, F (1,43) ϭ 0.649, p Ͼ 0.4). Post hoc comparisons of all groups revealed no significant differences in distance traveled (Fig. 6B) . Together, these results support a role for RCAN1 signaling in the anxiogenic effects of acute SSRI administration.
To determine whether the lack of an anxiogenic response to fluoxetine in Rcan1 KO mice may be due to a slower onset, we tested EPM behavior after 3 and 15 d of fluoxetine treatment. To control for "one-trial" effects confounding our results (File et al., 1990) , we tested new cohorts of mice that had never been exposed to the EPM. We found that fluoxetine treatment affected both KO and WT EPM behavior in a time-dependent manner ( Fig. 6C ; open-arm time: main effect of genotype, F (1,41) ϭ 61.179, p Ͻ Predictably, vehicle-treated Rcan1 KO mice spent significantly more time in the EPM open arms than vehicle-treated WT mice on both day 3 ( p ϭ 0.006) and day 15 ( p ϭ 0.036; Fig. 6C ). In contrast to the fluoxetine effects in WT mice on day 3, fluoxetine-treated Rcan1 KO mice spent more time in the open arms than vehicle-treated KO counterparts on day 3 ( p ϭ 0.010). This indicates that by day 3 of fluoxetine treatment, Rcan1 KO mice displayed a significant anxiolytic response, which WT mice displayed on day 15, and this response did not increase with further treatment time in KO mice (KO-fluoxetine day 3 vs day 15, p Ͼ 0.8; KO-vehicle day 15 vs KO-fluoxetine day 15, pϭ0.071; Fig. 6C ). These results were not due to fluoxetine effects on locomotor function (distance traveled: main effect of genotype, F (1,41) ϭ 0.237, p Ͼ 0.6; main effect of fluoxetine, F (1,41) ϭ 0.009, p Ͼ 0.9; main effect of day, F (1,41) ϭ 1.156, p Ͼ 0.2; genotype ϫ fluoxetine, F (1,41) ϭ 0.279, p Ͼ 0.6; day ϫ fluoxetine, F (1,41) ϭ 0.669, p Ͼ 0.4; day ϫ fluoxetine ϫ genotype, F (1,41) ϭ 0.000, p Ͼ 0.9). Post hoc comparisons indicated no differences in distance traveled between any of the experimental groups ( p Ͼ 0.9 for all comparisons; Fig. 6D ). These data suggest that RCAN1 increased the latency for the anxiolytic benefits from fluoxetine and provide evidence for RCAN1 regulation of SSRI-mediated anxiety effects.
Discussion
Using two behavioral paradigms for measuring unconditioned exploratory anxiety in rodents, we found that Rcan1 KO mice increased time spent in exposed areas, indicative of reduced anxiety. In contrast to removal of RCAN1, we observed that RCAN1-overexpressing mice mildly reduced time spent in exposed areas, indicative of increased anxiety. Using genetic and pharmacological approaches, we provided evidence that CaN and CREB signaling were involved in this phenomenon. Last, we identified RCAN1 as a potential regulator of the anxiogenic effects associated with early SSRI administration.
Our study used anxiety tests that measure spontaneous responses to novel environments in which the drive to explore is counterbalanced by remaining in safe areas (Bouwknecht and Paylor, 2008) . Exposing mice to a novel environment creates this unconditioned approach-avoidance conflict between motivation to explore it and "generalized fear" of novelty (Carobrez and Bertoglio, 2005) . Because anxiety in rodents can frequently involve behavioral "freezing," one possible ex- planation for the increased measures of anxiety in Rcan1 KO mice would be changes in locomotor activity. By numerous measures, however, Rcan1 KO mice were indistinguishable from WT littermates in locomotor and basic sensorimotor function (Figs. 3 B, C, 4C,D, 5B, 6 B, D) . Given the important role of CaN in neuronal gene expression (Bito et al., 1996; Lam et al., 2009; Ch'ng et al., 2012) , one strong possibility is that RCAN1 removal affects gene expression linked to affective behaviors in these mice.
There is abundant evidence that anxiety disorders have a strong genetic component (Schumacher et al., 2011; Yang and Lu, 2011) . Some animals in the same cohort always measure higher (or lower) in anxiety than the others. This variability within a homogeneous group in a particular situation may result from intersubject differences in the baseline or threshold level of anxiety established by variations in gene expression during development. This inherent difference in level of anxiety-related responses may be considered a trait (Endler and Kocovski, 2001; Elwood et al., 2012) . In this study, developmental manipulations of Rcan1 signaling had affected the expression of innate anxiety (Figs. 3-5), whereas postdevelopmental manipulations had no detectable effect on anxiety (Fig. 4F ). This suggests that RCAN1 plays a role in establishing innate or trait-based anxiety levels. Further support for this notion is derived from our biochemical data. The enhanced CREB activation in several brain regions of Rcan1 KO mice strongly suggests an epigenetic component, or altered gene expression via histone modification, in the display of reduced anxiety in these mice (Fig. 1B) . Moreover, our data showing enhanced BDNF expression suggests that a target population of CREB-dependent genes is involved in establishing trait-based aspects of anxiety (Fig. 1D ). While our results in combination with those of previous studies suggest that RCAN1/CaN signaling operates through CREB and BDNF to regulate innate anxiety, it is possible that the anxietyrelated behaviors we observe in Rcan1 KO mice are mediated through other downstream effectors. This important issue can be addressed in future studies by selectively targeting CREB activity and its transcriptional targets in the context of altered RCAN1 signaling. Together, these findings may be important in neurodevelopmental disorders, such as Down syndrome, that overexpress RCAN1 and are associated with anxiety disorders (Myers and Pueschel, 1991) .
Because multiple neuronal circuits are involved in the display of anxiety, subtle differences in the regional or total overexpression levels of RCAN1 between the Cre driver lines or RCAN1 transgenic lines may also contribute to the effects we observed on anxiety. Indeed, we do observe differences in transgenic RCAN1 expression between the two Cre lines (Fig. 4E) . Although the Nse-Cre and CamkII␣-Cre driver lines used in this study express in largely overlapping cell and regional populations (Forss-Petter et al., 1990; Tsien et al., 1996; Hoeffer et al., 2008) , we did find that not all developmental manipulations of RCAN1 affected our measures of anxiety. It is possible that RCAN1/CaN activity at different levels in different brain regions and developmental time points exerts varying control over the display of anxiety. In future studies, this will be an important issue to clarify, approached perhaps by using spatially and temporally restricted removal of Rcan1 in the brain or pharmacological disruption of RCAN1-CaN interaction in vivo.
Interestingly, acute systemic inhibition of CaN activity reversed the reduced anxiety (Fig. 5) and downregulated the enhanced CREB phosphorylation (Fig. 1C) we observed in Rcan1 KO mice. These results indicate that Rcan1 KO mice are not developmentally or genetically inflexible but maintain a range of responsiveness to contextual anxiogenic stimuli. Experience and environmental context are powerful modulating factors that can increase or decrease the expression of anxiety, with novel or exposed environments eliciting higher displays of anxiety-related behaviors (Endler and Kocovski, 2001 ). It may be that RCAN1/ CaN signaling during development is involved in establishing innate anxiety levels and acute modulation of CaN activity affects context-dependent or state-based displays of anxiety. Mechanistically, this could be explained by RCAN1/CaN signaling acting in different cellular compartments. In the regulation of innate anxiety, RCAN1/CaN signaling may alter gene expression via CREB. In anxiety expression affected more strongly by context, RCAN1/CaN may act on channels/receptors, such as GluA and GABA A receptors, to regulate cell surface levels or functional properties. Indeed, we provide biochemical evidence in support of compartmental RCAN1/ CaN signaling (Fig. 2) . Another possible explanation is that RCAN1/CaN signaling in different neuronal circuits exerts varying control over the display of anxiety and responsiveness to acute systemic CaN blockade. Future studies using chronic CaN blockade in Rcan1 KO mice, regional disruption of CREB signaling, or compartment-directed disruption of RCAN1/ CaN signaling could address these ideas.
The role of RCAN1 in CaN regulation is complex but is now generally accepted to both inhibit and facilitate CaN activity (Kingsbury and Cunningham, 2000; Hilioti et al., 2004; Sanna et al., 2006; Hoeffer et al., 2007) . We previously provided evidence that in the hippocampus RCAN1 functioned largely as a negative regulator of CaN activity (Hoeffer et al., 2007) . Our current data suggest that with respect to CREB, RCAN1 may be a positive regulator of CaN activity, as we clearly observe increased phosphorylation of CREB in several brain regions of Rcan1 KO mice (Fig. 1B) . Previous studies have shown that CaN acts to negatively regulate CREB phosphorylation (Bito et al., 1996; Chang and Berg, 2001; Hongpaisan et al., 2003) . However, these studies relied on cell culture while we used tissue obtained from fully developed adult brains. In addition, these earlier studies examined CaN regulation of CREB following transient pharmacological blockade. Other studies examining CREB activity under conditions of chronically increased CaN activity have demonstrated enhanced CREB phosphorylation , which is consistent with what we observed in Rcan1 KO mice (Fig. 1) . Thus, CaN regulation of CREB activity may also occur by indirect means, such as, for example, as our data suggest, through cellular trafficking of CaN and its target substrates (Fig. 2) . Chronically elevated CaN activity may result in CREB regulation that is inherently different from what is observed following transient manipulations of CaN activity or in developmentally WT tissues.
Several lines of evidence point to a prominent role for CaN in psychophysiological disorders involving anxiety, such as schizophrenia (Pallanti et al., 2013) , and responses to antianxiety medication. CaN expression is reduced in schizophrenia patients and reduced CaN expression is associated with schizophrenia-like symptoms in mouse models . Psychosocial stress also has been shown to downregulate forebrain CaN levels (Gerges et al., 2003) . The phosphorylation of DARPP32, a CaN target, is altered in the limbic and cortical regions that control emotional states after psychotropic medications (Svenningsson et al., 2003) . Finally, chronic treatment with the SSRI fluoxetine has been shown to elevate CaN expression in rodents (Crozatier et al., 2007) .
SSRIs are initially anxiogenic in human patients (Den Boer and Westenberg, 1990; Jick et al., 2004; Grillon et al., 2007) . This observation, coupled with the slow onset of therapeutic benefits, often results in disappointing clinical outcomes with SSRI treatments of anxiety disorders (Baldwin and Tiwari, 2009 ) and in extreme cases can increase suicide risk in adolescents (Jick et al., 2004; Olfson et al., 2006) . Importantly, we found that removal of RCAN1 blocked the acute anxiogenic response to fluoxetine during the early phases of chronic treatment (Fig. 6A) . Furthermore, removal of RCAN1 decreased the onset for the anxiolytic effects of fluoxetine; Rcan1 KO mice showed a significant improvement in EPM open-arm time, indicating reduced anxiety, very shortly after fluoxetine administration (day 3; Fig. 6C ) compared with WT mice. These data fit well with the observation that chronic CaN overexpression enhances responsiveness to antidepressants (Crozatier et al., 2007) . We also found enhanced BDNF levels in Rcan1 KO mice, which is consistent with a previous report of a decreased response to fluoxetine in mice with a BDNF mutation (val66met) that is associated with decreased BDNF release and with increased depression in humans (Chen et al., 2006) . The identification of RCAN1/CaN signaling in the paradoxical response to SSRI treatment may provide new therapeutic avenues to ameliorating anxiogenic side effects and improving latency times during SSRI treatment.
In closing, our study has identified for the first time a link between RCAN1 function and the display of anxiety. Importantly, we also show that inhibition of RCAN1 signaling can occlude the acute paradoxical anxiogenic effects of SSRI administration. Despite the wide variety of compounds available for the treatment of anxiety, little is known about the alterations in molecular signaling that follow from their use. Identifying and characterizing effector pathways such as RCAN1/ CaN can provide valuable targets for predicting diagnostic efficacy, assessing risk for tolerance and abuse, and preventing adverse effects of SSRI use.
